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Outline 
•  What are you trying to do? (Project goal and plans to accomplish it.) 

•  Scale up an existing 50 kAmp z-pinch device to higher current and 
performance: [Goal = 300 kA of pinch current.] 

•  This requires new electrodes, new capacitor bank, new gas injection/pumping 
•  Understand in some detail the plasma physics important in the scale up to 

improve and inform projections of performance to reactor conditions 
•  Why is this important? (Particularly for fusion power, but also science.) 

•  A stable pinch at 300 kA of pinch current has some exciting applications 
•  If the concept works at >1 MA of current, a reactor is possible 

•  Direct adoption of liquid walls solves critical materials issues 
•  Fundamental questions about plasmas in these regimes are unresolved. 

•  Why now? (What is new and different vs. previous work?) 
•  First attempt at scaling up by large factor. (6x in current) 
•  First look at physics with recently developed kinetic modeling methods 
•  First use of agile power drive and gas input (multiple cap bank modules and 

multiple gas valves) 
•  Why it is hard? (What are the critical challenges you must overcome?) 

•  Unknown physics as discharge current is increased 
•  The difficulty in maintaining shear stabilization at higher current for long 

enough duration is unknown 
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Existing Device (ZAP) Results: Axial plasma flow with velocity 
shear in the radial direction has been shown to stabilize a 1 m long 
x 1 cm diameter 50 kA z-pinch column for 20-40 usec 
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Sheared Flow Stabilization of the m = 1 Kink Mode in Z Pinches
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The effect of a sheared axial How on the m = 1 kink instability in Z pinches is studied numerically

by reducing the linearized magnetohydrodynamic equations to a one-dimensional displacement equation.
An equilibrium is used that is made marginally stable against the m = 0 sausage mode by tailoring its
pressure profile. The principal result reveals that a sheared axial flow stabilizes the kink mode when the
shear exceeds a threshold that is dependent on the location of the conducting wall. For the equilibria
studied here the maximum threshold shear (v,'/kVq) was about 0.1.

PACS numbers: 52.55.Ez, 52.35.Py, 52.65.Kj

The m = 1 kink instability is well known, both theoreti-
cally and experimentally, to plague Z-pinch plasmas [1,2].
(In this paper we refer to a Z pinch as having only axial
plasma current. ) Certain notable exceptions occur, mainly
in Z pinches with a flow velocity, where the flow state is
observed to be stable [3,4]. We have been led to reexam-
ine the effects of flow on stability because of the profound
implications a stable, high-density Z pinch would have for
magnetic confinement thermonuclear fusion [5].
By tailoring the pressure profile of a static Z-pinch

equilibrium the m = 0 sausage mode can be stabilized,
but the equilibrium remains unstable to the internal kink
mode [6,7]. The introduction of an axial magnetic field
can stabilize the kink mode, but the field also limits the
axial plasma current (the Kruskal-Shafranov limit) [8,9].
The pinch must then compress the magnetic field as well
as the plasma. An approach that allows high plasma
density would be to stabilize the Z pinch without limiting
the plasma current.
The axial variation of the kink mode suggests that

a constant axial flow may eliminate the variation and
stabilize the mode. An infinitely long Z-pinch plasma
with a uniform axial velocity would kink at the same rate
as a static plasma since the kink mode would simply move
at the plasma velocity. However, if the plasma velocity
is nonuniform (sheared fiow), the kink mode is forced
to be axially coherent and is found to be stabilized for
sufficient velocity shear. Since the kink mode can move
at the average plasma velocity, it is clear that the velocity
shear, and not the average velocity, affects the stability.
While a uniform flow may stabilize the kink mode in a
Z pinch of finite length by convecting the instability to
the end of the pinch before it can grow significantly, this
would require a super-Alfvenic flow velocity and will not
be considered here.
The equilibrium equation for the Z pinch is the radial

force balance, which is
Bg B(rBg) it p+ =0, (I)
p,pr Br Br

where Bg is the azimuthal magnetic field and p is the
plasma pressure. The presence of an axial flow does not
affect the equilibrium equation. Performing a functional
minimization (or energy principle), an equilibrium condi-
tion can be determined that stabilizes the m = 0 sausage
mode in the static Z pinch [6]:

dlnp ( (2)dlnr
4r

2+ I p'

BpXr + Cttp* + Ct2(rg„) = 0,Br
~(r E.)Xr " + C2tp* + Cz2(rg„) = 0,

(3)

(4)

where
cr & Bp Bt l Bg g„pcr

pt + p, p ) p, p r Y
(5)

where I is the ratio of specific heats and p = 2ppp/B,
is a local measure of the ratio of plasma pressure
to magnetic pressure. This condition must be satisfied
everywhere in the plasma for stability against the m = 0
mode.
The lack of axisymmetry of the kink mode prevents the

stability determination by analytical methods, like those
used for the sausage mode, and numerical techniques
must be used. The ideal MHD (magnetohydrodynamic)
equations are linearized. The displacement is assumed to
have the form $(r, 0, z, t) = g(r) exp(yt + im0 —ikz)
Here y is the eigenvalue, and it is, in general, mixed
complex [having an oscillatory component 3(y) and a
growing component 9t(y)]; m and k are the azimuthal
mode number and axial wave number for the eigenmode
of interest. For finite length pinches, the axial wave
number is limited by the inverse of the pinch length.
The linearized MHD equations are combined to yield a
pair of first order eigenvalue differential equations for the
perturbed total pressure p* and the radial displacement
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Evidence of Stabilization in the Z-Pinch
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Theoretical studies have predicted that the Z-pinch can be stabilized with a sufficiently sheared axial
flow [U. Shumlak and C. W. Hartman, Phys. Rev. Lett. 75, 3285 (1995)]. A Z-pinch experiment is
designed to generate a plasma which contains a large axial flow. Magnetic fluctuations and velocity
profiles in the plasma pinch are measured. Experimental results show a stable period which is over 700
times the expected instability growth time in a static Z-pinch. The experimentally measured axial velocity
shear is greater than the theoretical threshold during the stable period and approximately zero afterwards
when the magnetic mode fluctuations are high.

DOI: 10.1103/PhysRevLett.87.205005 PACS numbers: 52.58.Lq, 52.30.–q, 52.35.Py

The Z-pinch plasma configuration has been studied
since the beginning of the pursuit of magnetic plasma
confinement fusion [1–3]. The Z-pinch was largely aban-
doned as a magnetic confinement configuration due to
violent magnetohydrodynamic (MHD) instabilities (gross
m ! 0 “sausage” and m ! 1 “kink” modes) demonstrated
both theoretically and experimentally [4]. However, ex-
periments have generated Z-pinch plasmas with inherent
axial plasma flows exhibiting stable confinement for times
much longer than the predicted growth times [5,6]. A
stable, high-density Z-pinch configuration would have
profound implications for magnetic confinement thermo-
nuclear fusion [7–9].

Theoretical studies have demonstrated that the Z-pinch
can be stabilized with a sufficiently sheared axial flow [10].
Experimental results presented here show a stable period
which is over 700 times the expected instability growth
time in a static Z-pinch. The experimentally measured ax-
ial velocity shear is greater than the theoretical threshold
during the stable period and approximately zero afterwards
when the magnetic mode fluctuations are high. The cor-
relation of the experimental stability data with the plasma
flow measurements is consistent with the shear flow sta-
bilization theory presented in Ref. [10]. However, at this
point causality cannot be determined.

The role of plasma flow on the MHD instabilities in a
Z-pinch has been examined theoretically using linear sta-
bility analysis [10,11]. The fundamental result from both
of these studies is the Z-pinch can be stabilized by applying
a sheared axial flow though the required magnitude of the
plasma flow differs for these two studies. Reference [10]
concludes that an axial plasma flow with a linear shear
of yz!a . 0.1kVA is required for stability of the m ! 1
mode where k is the axial wave number. Reference [11]
concludes that an axial plasma flow of yz . 2 2 4VA is
required for stability of all modes with ka ! 10. Both of
these results are for a conducting wall placed far enough

from the plasma boundary that it has no effect. Nonlinear
results for the m ! 0 mode are presented in Fig. 1. The re-
sults are generated using Mach2 [12,13], a time-dependent,
resistive MHD code. An equilibrium is initialized with
a sheared axial plasma flow and an axially periodic den-
sity perturbation. The figure shows the pressure contours
for the case of (a) no flow and (b) yz!a ! 0.2kVA at the
same simulation time. Figure 1(a) shows a well-developed
m ! 0 instability in a static Z-pinch plasma. Figure 1(b)
shows a substantially less developed m ! 0 instability in
a Z-pinch plasma with a sheared axial flow.

The ZaP (Z-pinch) experiment at the University of
Washington has been used to investigate the effect of
plasma flow on the stability of a Z-pinch. The experiment
is designed to generate a Z-pinch plasma which contains
a large axial flow. The experimental device is depicted in
Fig. 2. The flow Z-pinch configuration is generated by
using a coaxial accelerator to initiate the hydrogen plasma

(b)(a)

FIG. 1. Nonlinear simulation results showing the pressure con-
tours in a Z-pinch at the same simulation time (a) for the de-
veloped m ! 0 mode with no equilibrium axial flow and (b) for
the stabilized m ! 0 mode with yz!a ! 0.2kVA.
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Sheared flow stabilization experiments in the ZaP flow Z pincha…
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The stabilizing effect of a sheared axial flow on the m!1 kink instability in Z pinches has been
studied numerically with a linearized ideal magnetohydrodynamic model to reveal that a sheared
axial flow stabilizes the kink mode when the shear exceeds a threshold. The sheared flow stabilizing
effect is investigated with the ZaP !Z-Pinch" Flow Z-pinch experiment at the University of
Washington. An axially flowing Z pinch is generated with a 1 m coaxial accelerator coupled to a
pinch assembly chamber. The plasma assembles into a pinch 50 cm long with a radius of
approximately 1 cm. An azimuthal array of surface mounted magnetic probes located at the
midplane of the pinch measures the fluctuation levels of the azimuthal modes m!1, 2, and 3. After
the pinch assembles a quiescent period is found where the mode activity is significantly reduced.
Optical images from a fast framing camera and a ruby holographic interferometer indicate a stable,
discrete pinch plasma during this time. Multichord Doppler shift measurements of impurity lines
show a large, sheared flow during the quiescent period and low, uniform flow profiles during periods
of high mode activity. Z-pinch plasmas have been produced that are globally stable for over 700
times the theoretically predicted growth time for the kink mode of a static Z pinch. The plasma has
a sheared axial flow that exceeds the theoretical threshold for stability during the quiescent period
and is lower than the threshold during periods of high mode activity. © 2003 American Institute
of Physics. #DOI: 10.1063/1.1558294$

I. INTRODUCTION

Some of the first attempts to achieve controlled thermo-
nuclear fusion were based on the Z pinch. A large axial cur-
rent was driven through a column of ionized gases to com-
press and heat the plasma to high density and temperature.1–3
The Z pinch has appealing properties as a magnetic confine-
ment configuration for a fusion reactor: the geometry is
simple and linear, the maximum magnetic field is at the
plasma surface and low external to the plasma, and the cur-
rent producing the magnetic field dissipates energy in the
plasma.4,5 The equilibrium is described by a simple radial
force balance between the azimuthal magnetic field gener-
ated by the axial plasma current and the plasma pressure,

!j"B"r!!%p "r . !1"

For the case of no applied magnetic fields, the equilibrium is
given by

B&

'or
d!rB&"

dr #
dp
dr !0. !2"

The pinch plasma was observed to be violently unstable with
growth times corresponding to Alfvén transit times. The in-
stabilities were understood theoretically and experimentally
as gross magnetohydrodynamic !MHD" modes with azi-
muthal mode numbers m!0 and m!1, sausage and kink
modes, respectively.6

The MHD instabilities of a Z pinch can be stabilized. A
close-fitting, conducting wall can be placed around the pinch
plasma.7 Image currents in the conducting wall develop to
limit the growth of any plasma perturbations. However, the
conducting wall must be placed too close to allow plasma
temperatures of fusion interest.

By applying linear MHD stability analysis Kadomtsev
derived an equilibrium that would be stable to the m!0
mode.8 The mode can be stabilized if the pressure does not
fall off too rapidly. Namely,

4(

2#()
*$

d ln p
d ln r , !3"

where ( is the ratio of specific heats and )!2'op/B2 is a
local measure of the ratio of plasma pressure to magnetic
pressure. This condition must be satisfied everywhere in the
plasma for stability against the m!0 mode. However, tailor-
ing the pressure profile cannot stabilize the kink instability.

Both the sausage and kink instabilities can be stabilized
by imbedding an axial magnetic field into the plasma. The
condition for stability is found by applying an energy prin-
ciple and is given by the Kruskal–Shafranov condition,9,10

B&

Bz
%
2+a
L . !4"

The equilibrium given in Eq. !2" is now modified. The radial
force of the azimuthal magnetic field balances the plasma
pressure and the magnetic pressure of the axial field. The
Kruskal–Shafranov condition forces the design of short Z

a"Paper UI2 6, Bull. Am. Phys. Soc. 47, 325 !2002".
b"Invited speaker.

PHYSICS OF PLASMAS VOLUME 10, NUMBER 5 MAY 2003

16831070-664X/2003/10(5)/1683/8/$20.00 © 2003 American Institute of Physics
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.115.190.45 On: Tue, 30 Dec 2014 01:01:04

IOP PUBLISHING and INTERNATIONAL ATOMIC ENERGY AGENCY NUCLEAR FUSION

Nucl. Fusion 49 (2009) 075039 (9pp) doi:10.1088/0029-5515/49/7/075039

Equilibrium, flow shear and stability
measurements in the Z-pinch
U. Shumlak, C.S. Adams, J.M. Blakely, B.-J. Chan, R.P. Golingo,
S.D. Knecht, B.A. Nelson, R.J. Oberto, M.R. Sybouts and
G.V. Vogman

Aerospace and Energetics Research Program, University of Washington, Seattle, WA, USA

E-mail: shumlak@u.washington.edu

Received 24 December 2008, accepted for publication 20 May 2009
Published 6 July 2009
Online at stacks.iop.org/NF/49/075039

Abstract
The stabilizing effect of a sheared axial flow is investigated in the ZaP flow Z-pinch experiment at the University of
Washington. Long-lived, hydrogen Z-pinch plasmas are generated that are 1 m long with an approximately 10 mm
radius and exhibit gross stability for many Alfvén transit times. Large magnetic fluctuations occur during pinch
assembly, after which the amplitude and frequency of the fluctuations diminish. This stable behaviour continues
for an extended quiescent period. At the end of the quiescent period, fluctuation levels increase in magnitude
and frequency. Axial flow profiles are determined by measuring the Doppler shift of plasma impurity lines using
a 20-chord spectrometer. Experimental measurements show a sheared flow that is coincident with low magnetic
fluctuations during the quiescent period. The experimental flow shear exceeds the theoretical threshold during the
quiescent period, and the flow shear is lower than the theoretical threshold at other times. The observed plasma
behaviour and correlation between the sheared flow and stability persists as the amount of injected neutral gas and
experimental geometry are varied. Computer simulations using experimentally observed plasma profiles show a
consistent sheared flow stabilization effect. Plasma pinch parameters are measured independently to demonstrate
an equilibrium consistent with radial force balance.

PACS numbers: 52.30.−q, 52.35.Py, 52.55.Dy, 52.58.Lq

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The Z-pinch provides a simple magnetic confinement
configuration for plasma that has many advantages both as
a possible fusion reactor and as a test bed to conduct basic
plasma science research. The equilibrium is described by the
radial force balance

Bθ

µor

d(rBθ )

dr
= −dp

dr
. (1)

The pure Z-pinch is simply connected and has unity
average beta. The only magnetic field present is the Bθ field
generated by the plasma current. All magnetic field lines are
closed, even though the plasma has open ends. However, the
pure Z-pinch is classically unstable to the m = 0 sausage and
m = 1 kink modes.

Conventional techniques to provide stability for the
Z-pinch have drawbacks. The sausage mode can be stabilized
if the pressure gradient is limited [1]. Controlling the pressure
profile is difficult and the technique does not stabilize the kink

mode. An axial magnetic field can be applied to provide
stability. However, the plasma current and the pressure are
limited by the strength of the axial magnetic field according
to the Kruskal–Shafranov limit [2, 3]. Furthermore, an axial
magnetic field opens all field lines and connects the electrodes
to all regions of the plasma. A close-fitting, conducting wall
can provide stability if the wall is located close to the plasma
edge, rwall/a = 1.2 [4], which is incompatible with a hot,
fusion-grade plasma. The influence of an axial magnetic
field and a conducting wall on the stability of a Z-pinch is
also investigated in a classical work [5], which also reveals
a stabilizing effect when the conducting wall approaches the
plasma radius.

Flow shear can stabilize the MHD modes in a pure Z-pinch
without the drawbacks of the conventional stabilization
techniques. An axial flow does not alter the radial force
balance that describes a Z-pinch equilibrium, see (1). Since the
plasma geometry is simple, i.e. described by a one-dimensional
force balance, the Z-pinch configuration is ideal for studying
stability characteristics and isolating flow shear stabilization
physics.
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Figure 2. Time evolution of Fourier components of the normalized magnetic field fluctuation at z = 0 for the m = 1, 2, 3 modes for the
original 0.1 m diameter inner electrode. The values are normalized to the average magnetic field value. A quiescent period is evident from
42 to 79 µs which defines the normalized time τ = 0 to 1 for this pulse. The evolution of the total plasma current (dashed curve) is included
for reference.

Figure 3. Fast framing camera images of visible light from the plasma viewed through a 5 cm hole at z = 0. Images are taken every 200 ns
during a single plasma pulse. (a) Images obtained during 47.7–49.1 µs, the middle of the quiescent period. (b) Images obtained during
75.3–76.7 µs, near the end of the quiescent period.

The total plasma current is shown in figure 2 to identify the
pulse length. The axial current in the plasma column during
the quiescent period is approximately 50 kA. The remaining
plasma current flows in the acceleration region and accelerates
the plasma.

The magnetic fluctuation levels are correlated with
fluctuation levels seen in visible photographs of the plasma.
The plasma is viewed through a 5 cm hole in the outer electrode
at z = 0, as shown in figure 1. The field of view is limited
to a small volume in the middle of assembly region. Images
are recorded using a fast framing camera (Imacon model 790)
using a 200 ns framing module, which records an image every
200 ns for eight images during a single plasma pulse. The
light is unfiltered, so the camera records broadband, visible
light. The brightest line in the spectrum is Hα (656 nm), but
other line radiation and bremsstrahlung also contribute to the
recorded images. Figure 3(a) shows the evolution of the visible
light images beginning at 47.7 µs with subsequent images to
the right. The last image is obtained at 49.1 µs. The images
are taken at a time during the quiescent period as defined by
the magnetic fluctuation signals shown in figure 2. The z axis
points to the left within each image, so the acceleration region
is to the right of each image. The images show a stable plasma
column throughout the images. Figure 3(b) presents images
obtained during 75.3–76.7 µs, which is towards the end of the
quiescent period as defined by the magnetic fluctuation signals

shown in figure 2. The images show the onset of an asymmetric
‘kink-like’ structure which grows throughout the images. The
structure can be seen to travel across the 5 cm field of view
in approximately 0.8 µs. It should be noted that at the end
of the quiescent period the plasma typically disappears from
the field of view. Large fluctuations of the plasma position
during assembly also typically prevent images of the plasma
assembly.

The plasma velocity profiles are determined by measuring
the Doppler shift of impurity line radiation with a 0.5 m
imaging spectrometer connected to an intensified charge-
coupled device (ICCD) detector operated with a 100 ns gate.
Typically, the C III impurity line at 229.7 nm is used. Light is
collected along 20 parallel chords through the pinch plasma
viewed at an oblique angle using the bottom, angled viewport
that views the z = 0 plane, shown in figure 1. The 20
chords span 34 mm across the plasma. The intensity of the
C III emission is typically peaked along the middle chords and
decreases towards the outer chords, beyond the approximately
10 mm pinch radius [11]. This provides velocity data for
the lower density plasma surrounding the pinch. The chord-
integrated data are deconvolved using a shell/matrix method
to give the radial profiles of the axial velocity [12]. Only one
exposure of the ICCD camera is possible during a plasma pulse.

The trigger time of the ICCD camera is varied between
pulses to determine the evolution of the velocity profiles. A

3

Stable for: 
Tquiescent ~ 40 uS 

Ipinch~ 50 kA 
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The new device under construction (FUZE) is about the same 
dimensions but will handle much higher discharge current, higher 
heat loads, and will provide flexible gas injection capability with a 
total of 9 fast-puff gas valves. 

Pinch region is shorter, but can 
be easily changed 

End of inner electrode is graphite 

Plasma gun region gun is very similar 

Gas valves are now external at 8 locations plus one inside the inner electrode on axis 
Nozzles extend through vacuum envelope to the outer electrode 

Larger vacuum pumping ports at multiple locations 
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We will drive the new electrode set with a capacitor bank that has 
12 independently triggerable sections-This provides excellent 
flexibility in current pulse shape. 
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To help understand the physics in detail, we will apply 
state of the art fluid and kinetic particle plasma 
simulation codes. 
§  The physics inside the pinch is complicated and a kinetic, or particle, approach is 

needed to properly simulate pinch conditions. Fluid approaches do not capture 
kinetic instabilities or kinetically-driven anomalous plasma viscosity/resistivity.  

§  Schmidt et al have modeled a similar device, the dense plasma focus (DPF) in 
the particle-in-cell code LSP [2] and demonstrated that a fully kinetic approach 
was needed to reproduce experimentally measured neutron yields, ion beam 
energies, and electromagnetic oscillations. In this project, we will extend the 
kinetic modeling to a flow pinch geometry.  

Fully	  kine*c	  
pinch	  model	  
A.	  Schmidt,	  	  
V.	  Tang,	  	  
D.	  Welch,	  	  
PRL	  2012	  
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Outline 
•  What are you trying to do? (Project goal and plans to accomplish it.) 

•  Scale up an existing 50 kAmp z-pinch device to higher current and 
performance: [Goal = 300 kA of pinch current.] 

•  This requires new electrodes, new capacitor bank, new gas injection/pumping 
•  Understand in some detail the plasma physics important in the scale up to 

improve and inform projections of performance to reactor conditions 
•  Why is this important? (Particularly for fusion power, but also science.) 

•  A stable pinch at 300 kA of pinch current has some exciting applications 
•  If the concept works at >1 MA of current, a reactor is possible 

•  Direct adoption of liquid walls solves critical materials issues 
•  Fundamental questions about plasmas in these regimes are unresolved. 

•  Why now? (What is new and different vs. previous work?) 
•  First attempt at scaling up by large factor. (6x in current) 
•  First look at physics with recently developed kinetic modeling methods 
•  First use of agile power drive and gas input (multiple cap bank modules and 

multiple gas valves) 
•  Why it is hard? (What are the critical challenges you must overcome?) 

•  Unknown physics as discharge current is increased 
•  The difficulty in maintaining shear stabilization at higher current for long 

enough duration is unknown 
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To understand how the system scales with current we apply 
an equilibrium power balance (Pin = Pout) in the plasma: 

§  Pin 
•  Pohmic 
•  Pcompression 
•  Pflow 
•  Palpha_heating 

§  Pout 
•  Pradiation 

•  Pconduction  

•  Pflow 

•  Pthermal 
§  Assumptions: 

•  Bennett pinch equilibrium 

•  Flat current, density, temperature profiles across pinch 
•  Vflow = 0.1 Valfvén 

•  Prad is bremsstrahlung only, Zeff = 2.0 
•  Pconduction is ad-hoc, using Dbohm * multiplier to match experimentally-measured pinch radius at 50 

kA. Conduction losses are not understood and usually ignored.                                                                              
•  Spitzer Resistivity, look over a range in 0.8 e -14 amp-m < j/n < 1.6 e -14 amp-m  

—  How j/n adjusts is also not well-understood. Density and current profiles adjust when ue,drift = j/en approaches 
ion sound speed → pinch needs to heat during current ramp or bad things will happen 

•  Pthermal = Uthermal / tflow where tflow = Lengthpinch / Vflow 

—  The entire thermal energy of the pinch is dumped on the end wall every flow time and is, by far, the largest 
power loss in the system at reactor conditions (exceeding ohmic and conduction losses during ramp-up) 

nk Te + ZTi( ) = B2

2µ0

  ;   B = µ0I
2πa

  ;   a = pinch radius

= 
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Power scaling projections show that reaching 300 KA with 
deuterium produces useful intensities of neutrons and x-
rays,  suitable for a variety of applications  

Plasma Conditions Existing (ZAP) ALPHA (FUZE) Reactor
Pinch current (kA) 50 300 1500
Total discharge (kA) 150 500 1700
Pinch radius (mm) 10 0.7 0.05
Ion Density (m-3) 1 E+22 2.5 E+24 3 E+27
Temperature 50-100 eV 2500-4000 eV 25-50 keV
Magnetic field (tesla) 1 90 6000
Lawson n-tau (m-3 sec) 1E+17 1E+19 1E+21
D-D Neutron Yield 1e11 - 4e11
Radiation Power (MW) 10 MW
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Molten PbLi or SnLi

Pinch

Pulse Power Driver Flow-stabilized pinch
injection electrodes

Vacuum Pump

To/From
 gas recovery/injection system

Recirc Pump

Flow

To/From
Steam Generator

Liquid metal performs 
multiple jobs: 

§  Protects the walls 

§  Act as one of the 
electrodes 

§  Heat transfer fluid 

Shear-Flow Stabilized Z-Pinch Reactor Concept: 
Ø Point a flow-stabilized z-pinch down into liquid metal 
Ø Addresses many technology issues that are unresolved for other 

concepts 
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Ignitron technology is a mature technology with 
commercially available units that can conduct reactor-
scale relevant currents through liquid cathodes 

NL-9000
Ignitron

The NL-9000 is a size “E” dual bath cooled ignitron intended for use as a high energy switch in
capacitor circuits. The following ratings are at this printing maximum and may be exceeded only with
the end users full liability.

Anode Material- NL9000 - “Graphite” NL9000A - “Stainless”

GENERAL: 1
Mercury pool electronic tube, water cooled
Number of electrodes:
           Main anode -------------------------------------------------------------------------------------------- 1
           Ignitors -------------------------------------------------------------------------------------------------- 2
           Cathode “Body with Hg Pool” ---------------------------------------------------------------------- 1

IGNITORS:
Forward Voltage “open circuit” --------------------------------------------------------------- 1000-3500 V
Inverse voltage ---------------------------------------------------------------------------------------------- 5 V
Current peak “short circuit” ------------------------------------------------------------------------ 200-500 A
Length of firing pulse ------------------------------------------------------------------------------- 5-15 usec
Net weight, approximately------------------------------------------------------------------------------ 60 lbs

COOLING REQUIREMENTS:
Flow minimum at peak current -----------------------------------------------------------------------6 GPM
Temperature range2

           Cathode cup ---------------------------------------------------------------------------------- 15-25° C
           Side Walls ------------------------------------------------------------------------------------15-45° C

MAXIMUM RATING: DAMPED DISCHARGE (NON-SIMULTANEOUS RATING)
         Peak forward or inverse voltage ------------------------------------------------------------- 10 kV5

         Peak anode current3 ---------------------------------------------------------------------------- 700 kA
         Coulombs per pulse at max amps ----------------------------------------------------------- 250 C
         Pulse repetition rate per minute--------------------------------------------------------------------- 1

NATIONAL ELECTRONICS
A Division of Richardson Electronics, Ltd.

LaFox, IL  60147 (630) 208-2300

NATIONAL

NL-9000
Ignitron

The NL-9000 is a size “E” dual bath cooled ignitron intended for use as a high energy switch in
capacitor circuits. The following ratings are at this printing maximum and may be exceeded only with
the end users full liability.

Anode Material- NL9000 - “Graphite” NL9000A - “Stainless”

GENERAL: 1
Mercury pool electronic tube, water cooled
Number of electrodes:
           Main anode -------------------------------------------------------------------------------------------- 1
           Ignitors -------------------------------------------------------------------------------------------------- 2
           Cathode “Body with Hg Pool” ---------------------------------------------------------------------- 1

IGNITORS:
Forward Voltage “open circuit” --------------------------------------------------------------- 1000-3500 V
Inverse voltage ---------------------------------------------------------------------------------------------- 5 V
Current peak “short circuit” ------------------------------------------------------------------------ 200-500 A
Length of firing pulse ------------------------------------------------------------------------------- 5-15 usec
Net weight, approximately------------------------------------------------------------------------------ 60 lbs

COOLING REQUIREMENTS:
Flow minimum at peak current -----------------------------------------------------------------------6 GPM
Temperature range2

           Cathode cup ---------------------------------------------------------------------------------- 15-25° C
           Side Walls ------------------------------------------------------------------------------------15-45° C

MAXIMUM RATING: DAMPED DISCHARGE (NON-SIMULTANEOUS RATING)
         Peak forward or inverse voltage ------------------------------------------------------------- 10 kV5

         Peak anode current3 ---------------------------------------------------------------------------- 700 kA
         Coulombs per pulse at max amps ----------------------------------------------------------- 250 C
         Pulse repetition rate per minute--------------------------------------------------------------------- 1

NATIONAL ELECTRONICS
A Division of Richardson Electronics, Ltd.

LaFox, IL  60147 (630) 208-2300

NATIONAL

700 kA rating 

§  Flow-stabilized pinch requires 
~ 1-1.5 MA to reach reactor 
conditions. 
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Outline 
•  What are you trying to do? (Project goal and plans to accomplish it.) 

•  Scale up an existing 50 kAmp z-pinch device to higher current and 
performance: [Goal = 300 kA of pinch current.] 

•  This requires new electrodes, new capacitor bank, new gas injection/pumping 
•  Understand in some detail the plasma physics important in the scale up to 

improve and inform projections of performance to reactor conditions 
•  Why is this important? (Particularly for fusion power, but also science.) 

•  A stable pinch at 300 kA of pinch current has some exciting applications 
•  If the concept works at >1 MA of current, a reactor is possible 

•  Direct adoption of liquid walls solves critical materials issues 
•  Fundamental questions about plasmas in these regimes are unresolved. 

•  Why now? (What is new and different vs. previous work?) 
•  First attempt at scaling up by large factor. (6x in current) 
•  First look at physics with recently developed kinetic modeling methods 
•  First use of agile power drive and gas input (multiple cap bank modules and 

multiple gas valves) 
•  Why it is hard? (What are the critical challenges you must overcome?) 

•  Unknown physics as discharge current is increased 
•  The difficulty in maintaining shear stabilization at higher current for long 

enough duration is unknown 
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Summary 
•  What are you trying to do? (Project goal and plans to accomplish it.) 

•  Scale up an existing 50 kAmp z-pinch device to higher current and 
performance: [Goal = 300 kA of pinch current.] 

•  This requires new electrodes, new capacitor bank, new gas injection/pumping 
•  Understand in some detail the plasma physics important in the scale up to 

improve and inform projections of performance to reactor conditions 
•  Why is this important? (Particularly for fusion power, but also science.) 

•  A stable pinch at 300 kA of pinch current has some exciting applications 
•  If the concept works at >1 MA of current, a reactor is possible 

•  Direct adoption of liquid walls solves critical materials issues 
•  Fundamental questions about plasmas in these regimes are unresolved. 

•  Why now? (What is new and different vs. previous work?) 
•  First attempt at scaling up by large factor. (6x in current) 
•  First look at physics with recently developed kinetic modeling methods 
•  First use of agile power drive and gas input (multiple cap bank modules and 

multiple gas valves) 
•  Why it is hard? (What are the critical challenges you must overcome?) 

•  Unknown physics as discharge current is increased 
•  The difficulty in maintaining shear stabilization at higher current for long 

enough duration is unknown 
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Back-up slides 
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Reactor Development path requires ~30x increase in 
pinch current from existing capabilities 

Prototype reactor: 

§  Discharge Current / Volts 
= 1.7 MA / 22 kV 

§  Rep-rate / Pulse Length 
= 10 Hz / 230 uS 

§  Fusion energy per pulse 
= 19 MJ 

§  Average Fusion power 
= 190 MJ 

§  Reactor Q ~ 5 
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Power Balance projections show reaching 500-700 KA 
using 50-50 DT achieves “Scientific Breakthrough” as 
defined by Pfusion > Pinput 
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Power Balance projections show reaching 500-700 KA 
using 50-50 DT achieves “Scientific Breakthrough” as 
defined by Pfusion > Pinput 

Pfusion 



Lawrence Livermore National Laboratory LLNL-PRES-678157 
21 

Molten PbLi or SnLi

Pinch

The pinch is short, ~10-50 cm long, so the reactor can be 
small and modular 

5”  D-size Ignitron 



Lawrence Livermore National Laboratory LLNL-PRES-678157 
22 

Heilmeier's Catechism 
•  What are you trying to do? Articulate your objectives using absolutely no jargon. 

•  Scale the ZAP device from 50 kA pinch current to 300 kA pinch current (from ~150 kA discharge current to ~450 kA 
discharge current) while maintaining stability of the pinch for 10’s of microseconds. 

•  Scope out a reactor concept that has compelling technology advantages if the system scales to reactor conditions.  
 
 
 
 
 
 
 
 
 
 

•  How is it done today, and what are the limits of current practice? 
•  The classic z-pinch, with current flowing axially in a stationary plasma between two electrodes, was the very first concept 

for confining and heating plasma [W.H. Bennett, Phys.Rev. 45 p890 (1934)]. 
•  The system suffers severe instabilities- a sharp pinch develops in a single location, which heats a very small volume to 

fusion conditions, but also terminates the plasma in tens of nanoseconds. 
•  Much research in the intervening time has attempted to suppress the instabilities 

•  including adding an external magnetic field in the direction of current flow (screw pinch) 
•  wrapping the axial system into a toroidal shape and driving current inductively (toroidal pinch, tokamak) 
•  adjusting the internal profiles of current, density, and flow velocity (M.G. Haines, Plasma Phys. Control. Fusion 53 

(2011) 093001. 
•  Plasma flowing in an axial direction with a flow velocity that is sheared in the radial direction has been shown to stabilize a 

1 m long x 1 cm diameter 50 kA z-pinch column for 20-40 usec 
•  This is an interesting result because it was predicted by most others that velocities near the Alfven speed would be 

needed to stabilize the pinch. Shumlak’s calculation indicated that velocities of about 1/10 the Alfven speed would be 
enough to stabilize-- and this was born out in his experiments. 

Plasma Conditions Existing (ZAP) ALPHA (FUZE) Reactor
Pinch current (kA) 50 300 1500
Total discharge (kA) 150 500 1700
Pinch radius (mm) 10 0.7 0.05
Ion Density (m-3) 1E+22 2E+24 3E+26
Temperature (kev) 0.1 4 >25
Magnetic field (tesla) 1 90 6000
Lawson n-tau (m-3 sec) 1E+17 1E+19 4E+20
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Heilmeier's Catechism 
•  What's new in your approach: 

•  We are building unprecedented capability and flexibility into a new device which accommodates the 
following: 

•  Higher input energy, power, and gas loading. 
•  A modular (12 independent section)  20 kV capacitor bank to allow a variable and flexible current pulse. 
•  Multiple pulsed gas valves (9) to allow a variable and flexible injection of gas 

•  We are applying the most recent state-of-the-art computer simulations to resolve the microscopic (kinetic vs 
fluid) nature of the experiment as well as the fluid nature and whole-device macroscopic behavior. 

•  Why do you think it will be successful? 
•  This type of scale-up has never been attempted before, but the existing experimental results, projected 

performance based on modest extrapolations, building in experimental flexibility, and application of world-
class computer simulations provide a sound foundation for  improving the the state of the art and success. 

•  If you're successful, what difference will it make? 
•  Achieving goals of the project, while not approaching the conditions required for a fusion reactor, will 

nevertheless be suitable for several exciting applications: 
•  Intense, neutron source, >1e11 neutrons per pulse 
•  Ultra-intense (10 MW) thermal plasma light source operating at a plasma temperature of several kilo-

electron volts.  
•  What are the risks and the payoffs? 

•  Discussed briefly in other areas. 
•  How much will it cost? 

•  $5M 
•  How long will it take? 

•  3 years 
•  What are the midterm and final "exams" to check for success? 

•  Reproduce ZAP results with new hardware in year 1 
•  Extend performance factor of 2 in year 2 
•  Achieve 6X goal in year 3. 




